Early metabolic response after resistance exercise with blood flow restriction in well-trained men: a metabolomics approach 
Abstract
The present study aimed to compare the early metabolic response between high-load resistance exercise (HL-RE) and low-load resistance exercise with blood flow restriction (LL-BFR). Nine young well-trained men participated in a randomized crossover design in which each subject completed LL-BFR, HL-RE or condition control (no exercise) with a one-week interval between them. Blood samples were taken immediately before and five minutes after the exercise sessions. Nuclear magnetic resonance (NMR) spectroscopy identified and quantified 48 metabolites, six of which presented significant changes among the exercise protocols. The HL-RE promoted a higher increase in pyruvate, lactate and alanine compared to the LL-BFR and the control. HL-RE and LL-BFR promoted a higher increase in succinate compared to the control, however, there was no difference between HL-RE and LL-BFR. Also, while there was no difference in acetoacetate between HL-RE and LL-BFR, a greater decrease was observed in both compared to the control. Finally, LL-BFR promoted a greater decrease in choline compared to the control. In conclusion, this study provides by metabolomics a new insight in metabolic response between LL-BFR and HL-RE by demonstrating a distinct response to some metabolites that are not commonly analyzed.
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Introduction
Metabolomics is a method aiming to identify and quantify a large number of metabolites present in a given biological sample of interest (Fiehn et al. 2000) .
Additionally, metabolomics relies on an untargeted approach (i.e., its capacity to detect metabolites without previous target setting); thus it could possibly lead to novel biomarkers detection (Newman and Verdin 2014; Ra et al. 2014) . In turn, metabolomics might generate new hypotheses on metabolic responses in several science areas (Madrid-Gambin et al. 2017; Zampieri et al. 2017) . Specifically, metabolomics has gained prominence in scientific research regarding resistance exercise (RE)-induced metabolic response (Berton et al. 2017; Yde et al. 2013 ).
In a recent study of our group, we applied the metabolomics method to analyze the acute metabolic response after high-load RE (HL-RE, 70-85% one repetition maximum ). We identified 49 metabolites, of which 13 presented significant alterations following HL-RE. The study highlighted the analyses of systemic metabolites not commonly observed in HL-RE studies, such as 2-oxoisocaproate, 2-hydroxybutyrate, 3-hydroxyisobutyrate, lysine, hypoxanthine and pyruvate; therefore demonstrating the potential of metabolomics for new discoveries (Berton et al. 2017 ).
An alternate approach to HL-RE is the combination of low-load resistance exercise with blood flow restriction (LL-BFR). In fact, LL-BFR has been shown to induce increases in muscle mass in magnitudes comparable to HL-RE, but applying only 20-30% 1-RM (Laurentino et al. 2012; Libardi et al. 2015; Lixandrao et al. 2015; Vechin et al. 2015) . Although muscle adaptations induced by LL-BFR have been extensively investigated in the last decades (Ellefsen et al. 2015; Fujita et al. 2007; Loenneke et al. 2010; Takarada et al. 2000) , little is known about the metabolic response in response to it. Importantly, the acute metabolites response may produce anabolic effects, D r a f t 4 contributing to muscle growth (Dankel et al. 2017; Loenneke et al. 2011; Schoenfeld 2013) . However, previous studies have limited the metabolic response analyses, i.e., they analysed only few metabolites, mainly lactate and inorganic phosphate) (Manini et al. 2012; Poton and Polito 2016; Reeves et al. 2006; Suga et al. 2012; Takarada et al. 2000) . Thus, the employment of exploratory methods that allow identification of a large number of metabolites post-RE is essential to understand the broader metabolic response after LL-BFR.
The aim of the present study was to use the metabolomics method to characterize the acute (i.e., pre to five minutes post-RE) metabolic responses promoted by LL-BFR practice, and compare with the traditional HL-RE-induced metabolic outcomes.
Methods
Participants
Nine young men well-trained (age 26.4 ± 4.4 years, height 172 ± 0.05 cm, weight 78.0 ± 7.8 kg, resistance training experience 8.7 ± 2.1 years) participated in this study.
The inclusion criteria were: i) all had been resistance training of lower limbs for a minimum of 2 days-per-week for at least two years; ii) did not have musculoskeletal injuries in the lower limbs and iii) had not taken anabolic steroids, at least six months before of the study. Additionally, all participants were informed about possible risk and discomfort of the study and signed an informed consent document. The protocol and consent were approved by Ethics and Research Committee of the University and complied with all ethical standards for research involving human participants set by the Declaration of Helsinki.
Experimental design
Initially, the participants were familiarized with the resistance exercises (LL-BFR and HL-RE) and one repetition maximum test (1-RM) on the 45º leg press machine.
The 1-RM test was performed 72 h after the last familiarizations session. Before each experimental trial, participants were instructed to refrain from exercise training and vigorous physical activity, and from alcohol and caffeine consumption for a minimum of 48 h. In addition, the participants filled out a diet recall of all food and drink intake 24 hours before each experimental trial. Participants performed three experimental trials in a randomized crossover design: i) high-load resistance exercise (HL-RE); ii) resistance exercise with blood flow restriction (LL-BFR) and iii) control condition (CON, when no exercise was performed).
Experimental trials were separated by a one-week recovery period during which time participants maintained their habitual diet and physical activity patterns. Blood samples were collected immediately before (Pre) and five minutes after (Post) each trial.
Maximum dynamic strength test
The maximum dynamic strength was assessed by 1-RM test, on 45º leg press exercise. All participants performed general warm-up on a cycle ergometer at 20 km·h-1 for 5 minutes, followed by specific warm-up; one set of eight repetitions with 50% of an estimated 1-RM load and one minute later, one set of three repetitions with 70% of the estimated 1-RM. After a three minutes rest interval, the test was performed with the aim to obtain the maximum amount of weight (kg) in a complete cycle (flexionextension of the knee joint with total range of motion of 90º). The total number of attempts to determine the value of 1-RM was not greater than five. The interval between attempts was set at three minutes (Brown and Weir 2001) .
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Dietary intake
Before each experimental trial, participants were provided with standardized breakfast that consisted of 290 kilocalories (kcal), 60% carbohydrates (CHO), 25% FAT and 15% proteins (PRO). After consuming the standardized prepacked meals, they remain resting for an hour, after the rest were taken the blood samples and protocols HL-RE, LL-BFR or CON. Total calories (kcal) and proportions of CHO, PRO and FAT were quantified by Dietpro 5.1 software. Water and food intake were not allowed until the end of the experiment.
High-load resistance exercise (HL-RE)
HL-RE was composed of 3 sets of 10 repetitions 45º leg press exercise at 80% 1-RM. Each set was separated by a 1 minute recovery period during which time participants remained seated on the 45º leg press. Complete concentric/eccentric movements were performed with 90° of range of motion and strong verbal encouragement was provided during each set. The exercise protocol was based on the position stand for muscle hypertrophy (ACSM 2009).
Low-load resistance exercise with blood flow restriction (LL-BFR)
LL-BFR was composed of 3 sets of 15 repetitions at 20% 1-RM, with a cuff strapped over the thigh. All participants completed every repetition from each respective set. An 18-cm wide cuff was placed on the proximal portion of the thigh (inguinal fold region) over the tibial artery and once in position, was inflated until an absence of auditory blood pulse detected through auscultation with a vascular Doppler probe (DV-600; Marted). Pressure was then slowly released until the first arterial pulse was detected which was considered the systolic pressure at the tibial artery. Cuff pressure D r a f t 7 was set at 80% of the maximum tibial arterial pressure and the cuff was inflated throughout the entire exercise session (Laurentino et al. 2012 ). This exercise protocol was chosen due to similar muscle hypertrophy to HL-RE (Laurentino et al. 2012; Libardi et al. 2015; Lixandrao et al. 2015; Vechin et al. 2015) .
Control condition (CON)
The participants of the CON did not perform any exercise. After consuming the standardized breakfast and remaining at rest for an hour at rest, blood collections were performed Pre and Post (5 minutes) rest.
Blood Collection
Blood samples were collected from the vein of the antecubital fossa. Approximately eight milliliters of blood samples were taken for each time point (Pre and Post exercise) and let clot in vacutainer tubes at room temperature for 30 minutes. The clot blood samples were then centrifuged at 1 x 10 3 g for 15 minutes and the resulting serum was stored at -80 °C for subsequent analysis.
Sample preparation for nuclear magnetic resonance (NMR) analysis
Sample preparation was performed following descriptions previously published (Berton et al. 2017) . Briefly, two hundred microliters of filtered serum (filtered through Amicon Ultra 3k 0.5 mL Centrifugal Filters, EMD Millipore) were reconstituted to 600 µL containing 10% deuterium oxide (D 2 O, 99.9%; Cambridge Isotope Laboratories Inc., Tewksbury, MA, USA) for locking, 0.1 mol·L-1 phosphate buffer (stock solution at 1 mol·L-1 containing NaH 2 PO 4 at 2.8 x 10 -1 mol·L-1 and Na 2 HPO 4 at 7.2 x 10 -1 mol·L-1, pH=7.4) for pH standardization and 0.5 mM TSP (3-(Trimethylsilyl) propanoic acid;
Sigma-Aldrich) for internal reference. Samples were added into 5 mm proton nuclear magnetic resonance ( 1 H-NMR) tubes for immediate acquisition. For more details, see an informative work on metabolomics procedures for NMR spectroscopy of biofluids (Beckonert et al. 2007) .
NMR data acquisition and metabolite identification
1 H-NMR spectra of samples were acquired using a Agilent Inova NMR spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA) equipped with a 5 mm triple resonance cold probe and operating at a 1 H resonance frequency of 600 MHz and constant temperature of 298 K (25 °C). A total of 256 free induction decays (FID) were collected with 32 K data points over a spectral width of 16 ppm. A 1.5 s relaxation delay was incorporated between FIDs, during which a continual water pre-saturation radio frequency (RF) field was applied. Spectral phase, baseline corrections, and metabolites identification and quantification were performed with Chenomx NMR Suite 7.6 software (Chenomx Inc., Edmonton, Canada). The spectral region from 4.70 to 5.50 ppm was excluded to remove variability due to suppression of the water resonance signal. To avoid any bias, samples were randomly profiled.
Statistical analysis
Initially, was performed for each metabolite, Shapiro-Wilk test to verify data normality. In addition, when appropriate, raw data were log transformed to obtain normality. Posteriorly, differences in metabolites concentration along conditions (HL-RE, LL-BFR and CON) were accessed through fold change between Post and Pre exercise. To compare fold change of the metabolites and dietary intake (Kcal, CHO, PRO and FAT) between-protocols, a one-way analysis of variance (ANOVA) was
implemented. In case of significant F-values a Tukey adjustment was used for multiple comparison purposes. Data were analyzed using the SAS 9.3 statistical package (SAS Institute Inc., Cary, NC, USA). The significance level was set at P < 0.05.
Results
No significant difference were detected among HL-RE, LL-RE and CON in the intake dietary (Table 1 ) one day before exercises (Kcal, P = 0.828; CHO, P = 0.876; PRO, P = 0.984; and FAT, P = 0.345).
-PLEASE INSERT TABLE 1 HEREAfter experimental trial LL-BFR, HL-RE and CON, 1 H-NMR spectroscopy was able to identify and quantify 48 metabolites, ranging from amino acids to alcohols, carbohydrates to purine derivatives, sulfones to keto acids (Table 2) . Due to problems during spectrum acquisition, analyzes were performed on eight participants in the LL-BFR and HL-RE and six in the CON.
Only six metabolites presented different concentrations after LL-BFR and HL-RE as compared with CON ( Figure 1 and Table 3 ). Changes in pyruvate concentration after HL-RE (4.97-fold) were significantly greater that in LL-BFR (3.14-fold; P = 0.0003) and CON (1.34-fold; P = 0.0001), respectively). Additionally, changes in pyruvate concentration after LL-BFR were significantly greater than in CON (P = 0.0009).
Regarding lactate, the changes in concentration after HL-RE (6.85-fold) were greater than in LL-BFR (3.16-fold; P = 0.0002) and CON (1.11-fold; P = 0.0001), as well as, in LL-BFR compared to CON (P = 0.0450). The changes in alanine concentration after HL-RE (1.34-fold) were also significantly greater than in LL-BFR (1.14-fold; P = D r a f t 10 0.044) and CON (1.00-fold; P = 0.001), however, there was no significant difference in the changes of alanine concentration between LL-BFR and CON (P = 0.2200).
Succinate concentration was significantly greater after HL-RE (3.77-fold) and LL-BFR (2.32-fold) compared to CON (1.09-fold; P = 0.0202 and P = 0.0089, respectively), Alanine concentration was significantly increased after HL-RE compared with both LL-BFR and CON. The increased production of alanine following HL-RE may be D r a f t related to a defense mechanism and gluconeogenesis. During short duration and high load exercise, there is an increase in muscle ammonia production by deamination of adenosine monophosphate and branched chain amino acids (Graham et al. 1997 ).
Furthermore, the removal of muscle ammonia (toxic to humans) is carried out through alanine, which is synthesized from pyruvate transamination derived from glycolysis break. Alanine is carried by the bloodstream to the liver, where it is converted into glucose (glucose-alanine cycle) and ammonia is converted into urea for subsequent elimination. Additionally and corroborating with our results, due to the higher availability of pyruvate after HL-RE, there is a greater capacity to alanine carry ammonia (Felig and Wahren 1971) .
The participation of aerobic metabolism was also observed through the succinate
metabolite (intermediate metabolite of the tricarboxylic acid cycle [TCA]) (Wells et al. 2009). Our results showed similar increases in succinate concentration after LL-BFR
and HL-RE, which were greater than CON. Notably, the similar response between LL-BFR and HL-RE is novel. Glycolytic system recovery is performed by the aerobic metabolism, specifically by oxidation of lactate and fatty acids (Scott 2011 ). Thus, due to a higher lactate production after HL-RE than LL-BFR, it was expected higher increases in succinate concentration following HL-RE than LL-BFR. The reason for similar succinate response between RE protocols is uncertain; however, the analysis of only one time point (5 minutes) post-RE precludes a global picture of changes over time. Therefore, additional studies -preferably with several collection points after RE (e.g., 5, 10 and 15 minutes) -are commended.
As aforementioned, energy recovery after exercise can be performed by aerobic metabolism through the oxidation of fatty acids. Acetoacetate is derived from betaoxidation of fatty acid in the liver, and subsequently converted into acetyl-CoA and D r a f t 13 used in the TCA (Newman and Verdin 2014). Accordingly, we observed a similar decrease in acetoacetate concentration after both HL-RE and LL-BFR compared with CON. Thus, it is possible to suggest that the aerobic metabolism is activated similarly after both LL-BFR and HL-RE. However, analogously to succinate, this result should be interpreted with caution. As HL-RE showed a higher reliance on the anaerobic metabolism than LL-BFR, we also expected a larger increase in the acetoacetate concentration after HL-RE compared with LL-BFR. Thus, additional studies must be performed with more time points of analyses. In addition, it is important to note that acetoacetate concentration changes following HL-RE were not observed in another study of our group using metabolomics (Berton et al. 2017) . The difference may be related to training level of the subjects. While in the present study participants had on average 8.7 ± 2.1 years of experience in resistance training, in the study of Berton et al. decrease in choline concentration is related to acetylcholine. As mentioned, choline is a precursor of acetylcholine, an important neurotransmitter of excitation-contraction coupling at the neuromuscular junction (Conlay et al. 1992) . Therefore, it is suggested that the decrease in acetylcholine acutely post-RE can cause inhibition of the excitationcontraction coupling and contribute to a decline in muscle performance (Conlay et al. 1992 ). Although choline is a understood metabolite, we are not aware of the exact reason why the lowering of the choline only occurred in the LL-BFR. Thus, further studies are required to investigate the choline response after LL-BFR.
The limitations of the study may be related to dietary standardization one day before RE protocols and the time points of blood analyses. Despite a standardized breakfast, the diet of the entire day before the exercise can influence the metabolic response. To reduce this interference, participants were asked to maintain their nutritional habits. All participants completed a diet recall regarding the day before performing each RE protocol and the CON day. From this diet recall, we observed that total calories, as well as CHO, PRO and FAT were similar in the three days prior to each experimental condition. Although, the early acute response (5 minutes) is important, future studies must perform additional blood sampling/analyses (e.g., 15, 30, 60 minutes) post-exercise for continued knowledge on the global changes in metabolic response throughout recovery.
In conclusion, this study provides by metabolomics new insights regarding the metabolic responses between LL-BFR and HL-RE. We demonstrate that HL-RE promoted a higher increase in pyruvate, lactate and alanine compared to LL-BFR, while similar alterations in succinate and acetoacetate were observed between RE protocols.
Additionally, only LL-BFR promoted a decrease in choline concentrations after RE. Table 2 . All absolute values of metabolites before (Pre) and after (Post) high-load resistance exercise (HL-RE), low-load resistance exercise with blood flow restriction (LL-BFR) and control condition (CON) used to calculate fold change. D r a f t Table 3 . Fold change in metabolites that do not show significant differences between high-load resistance exercise (HL-RE), low-load resistance exercise with blood flow restriction (LL-BFR) and control condition (CON). 176x166mm (300 x 300 DPI)
